The radical pair model for avian magnetoreception has been significantly efficacious in explaining the magnetosensitive behavior of chemical compass. In this model, we have a multi-spin system evolving under a specific Hamiltonian assisted by neurological spin-dependent recombination channels which give an elegant compass action that many species are belived to be using. In this study, we analyze the radical pair model form a microscopic spin transitional point of view and establish the role of nuclear and environmental decoherence in radical pair spin dynamics. We identify the spin interplay between singlet state and three triplet states of radical due to Zeeman and hyperfine and examine the distinctive roles of nuclear and environmental decoherence from this perspective. Additionally, we revisit some of the earlier results concerning radical pair model from this fresh outlook and provide more comprehensive explanation to those. The approach is aimed to equip us more for solid state emulation of avian compass and design long coherehce time physical systems.
a. Introduction The wisdom of bioworld to exploit quantum effects for evolutionary advantage has been demonstrated in several forms viz. quantum transport in photosynthetic pigments, avian magnetoreception, olfactory sense, hydrogen tunneling in enzyme catalysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This wisdom holds promise to be helpful in harnessing the quantumness of nature to develop artificial systems which could emulate certain quantum-biological process or even give us clues for developing robust quantum systems which could further be helpful towards the physical realization of quantum computation. In this work, we, particularly, deal with avian magnetoreception which is responsible for geomagnetic field assisted navigation ability of various birds [9, 10] . A photoassisted radical pair (RP) model along with anisotropic hyperfine interaction has been proposed as the potential workhorse for this mechanism [12] . This proposal is backed by several spin chemistry findings [13] [14] [15] and validated with behaviorial experiments [16] [17] [18] .
The central quest in RP model studies is to determine the utilitarian role of coherehce and effect of nuclear and environmental decoherece on its magnetosensitive spin dynamics. Several attempts have been made in this direction. [16, 19] established the presence of long coherehce in radical pair spin states. [20] quantifies coherence using quantum interferometric analogy and statistically concludes that global electron-nuclear coherence is a resource for chemical compass by observing sensitivity as a function of global coherence. [21] identifies the nuclear decoherence as an imperative ingredient for magnetosensitive radical pair spin dynamics. Apart from coherehce, [22] and [16] have inspected the role of entanglement in compass action of RP model. However, the distinct operative (operational) role of nuclear and environmental decoherences in radical pair spin dynamics is still unclear. Understanding this is necessary for appropriate material selection/engineering for solid state emulation of radical pair spin dynamics several other quantum biomimetic applications.
In this work, we take a microscopic view of radical pair spin dynamics and analyze the distinctive role of nuclear and environmental decoherence and examine their peculiar role in its magnetosensitive behavior. We examine the spin transitions involved in radical pair spin state evolution and discover the effect of nuclear and environmental decoherence on these transitions. In this way, we are able to idetify the operational role of nuclear and environmental decoherence. We validate these conclusions by corroborating them with information theoretic measure of coherence. Additionally, this spin transitional point of view provides new insights into the role of Zeeman and hyperfine interactions in magnetosensetive spin dynamics of radical pair spin system. We also revisit some of earlier results on radical pair model from this new perspective which facilitates us with better comprehension of those results.
The salient charatceristics of avian magnetoreception is demostrated by multiple behaviorial experiments. It involves photo-initiated spin dynamics of radical pair under anisotropic hyperfine enviroment, shows dynamic range character around geomagnetic field. The dynamic range charatceristic is versatile in that it gets adjusted with magnetic field if the bird is exposed long enough to the new magnetic field [18] . Another aspect which also substantiates the validity of radical pair mechanism is disruption of compass action by a particular frequency of external RF field [17, 18] .
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In RP system, effectively, we have a three spin system evolving under a particular Hamiltonian. The Hamiltonian consists of two components viz. hyperfine and Zeeman. The final singlet and triplet product yield is magnetic field dependent. We discover that the most striking feature of this spin dynamics is that Zeeman interaction, taken alone, can not make the final yields magnetic inclination dependent. Additonally, hyperfine alone can not induce transitions from singlet to all three triplet states and hence can not impart magnetic angle sensitivity. It is the collaborative spin interplay due to hyperfine and Zeeman components which makes the overall spin dynamics magentosensitive.
b. Spin Dynamics of Radical Pair In order to understand the spin transitions involved in radical pair spin dynamics, we choose a representative RP system in which single nucleus is responsible for hyperfine interaction. This model can be easily extrapolated to multinuclear systems [16, 23] . The nucleus preferentially interacts with one radical and the whole spin system interacts with geomagnetic Zeeman field. Therefore, The RP Hamiltonian looks like [16] These figures illustrates how various spin transition pathways between |s , |t0 , |t+ , |t− make the final spin yields angle dependent. Simultaneous Zeeman and anisotropic hyperfine plays collaborative role in inducing these transitions which ultimately lead to magnetosensitive product yield. The various transitions induced by anisotropic hyperfine and Zeeman are shown in the spin transition diagram, Fig. 2 . Additionally, we observe a conspicuous peak appearing in S yield for a range of hyperfine constants. This peak corresponds to the dip in T+ and T− yields. We recognize that this peak appears due to nuclear decoherence. 
B is the geomagnetic field.Ŝ 1 andŜ 2 are electron spin operators andÎ is the nucleus spin operator given aŝ
is Bohr magneton and g is electron g-factor (= 2). We consider the illustrative case in which A = diag(0, 0, a) [23] . The external field (geomagnetic field) is characterized by B = B 0 (sinθcosφ, sinθsinφ, cosθ). The magnetic field inclination is taken with respect to HF tensor axis. The axial symmetry of hyperfine tensor allows us to take φ = 0 [16] .
The RP spin dynamics starts at the instant of radical pair generation, taken at t = 0. The initial state radical pair is singlet state (|s ) and nuclear spin state is completely depolarized owing to its interaction with neighboring soft matter environment. We adopt the quantum master equation approach to simulate the dynamics RP system, similar to [16] and tweak it to find out the exact spin transitions. Originally, the Hilbert space is eight dimensional. The spin-dependent relaxation process happens through two channels viz. singlet channel where radical pairs with |s state relax and triplet channel where radical pair with states |t 0 , |t − and |t + relax. In order to understand the spin transitions distinctly, we resolve the triplet channel into three constituent channels corresponding to |t 0 , |t + and |t − . In order to achieve this, the eight dimensional Hilbert space is augmented with four additional states corresponding to one singlet and three triplet channnels, denoted as |S , |T 0 , |T + , and |T − . This method is quite versatile in calculating the yield corresponding to various spin states. The recombination of radical pair into singlet and triplet channels is modeled as decay operators in master equation (ME) as: P 1 = |S s, ↑|, P 2 = |S s, ↓|, P 3 = |T 0 t 0 , ↑|, P 4 = |T 0 t 0 , ↓|, P 5 = |T + t + , ↑| , P 6 = |T + t + , ↓|, P 7 = |T − t − , ↑| and P 8 = |T − t − , ↓|. The Lindblad master equation describing the evolution of RP spin system looks like [16] :
This numerical approach is exactly equivalent to Haberkorn approach of simulating radical pair dynamics [16, 20] . However it is more intuitive in understanding the spin state of radical pair just before recombination. The system starts in the state ρ(0) = 1 2 I ⊗ (|s ⊗ s|). The ensuing spin evolution involves intersystem crossing between singlet and triplet states. This spin evolution is accompanied by a spin dependent recombination process in which singlet and triplet radical pair recombine through different channels and it is this geomagnetic field dependent differential yield which is used by bird's neural system to sense the geomagnetic field [12, 16, 23] , although the exact neurological process involves is still unclear [19] . However, our aim in this manuscript is to understand the intricate spin transitions responsible for magnetosensetive yield and discover the role of coherent evolution of electron pair spin and decoherence due to nucleus and environment in the overall functioning of chemical compass model of avian magnetoreception.
In order to examine the spin transitions in radical pair model, we simulate radical pair dynamics for a large number of hyperfine interaction strengths. For our choice of hyperfine coupling tensor, the Hamiltonian looks like:
Here, we vary the hyperfine coupling strength from γB 0 /100 (very less compared to Zeeman strength) to 100γB 0 (very large compared to Zeeman strength) and examine the singlet and various triplet yields with respect to geomagnetic field inclination. The results are demonstrated in Fig. 1 from which we infer that the hyperfine interaction induces the |s ↔ |t 0 transitions whereas |t + and |t − states remains unaltered during the evolution. The x-component of Zeeman interaction induces the |t − ↔ |t 0 ↔ |t + transitions but does nothing to |s state. Zeeman ycomponent induces the same transitions as x-component along with an additional phase factor. However, the zcomponent of Zeeman interaction does nothing with |s and |t 0 whereas it retains |t + and |t − during the evolution. These spin transitions are summarized in Fig. 2 This spin dynamical behavior is charatceristic of radical pair model for chemical compass.
At θ = 0 • , the Hamiltonian is as good as only hyperfine Hamiltonian for z-component of Zeeman interaction does not induce any transition from |s , |t 0 to |t + and |t − . Therefore at θ = 0
• , the spin evolution corresponds to the coherent spin transition between |s ↔ |t 0 . Therefore the singlet yield saturates at 0.50. Initially when hyperfine strength is very less compared to Zeeman, the singlet yield is limited by the recombination lifetime τ = 1 k . However, at larger values of hyperfine interaction strength, the |s ↔ |t 0 saturation is achieved before recombination therefore both singlet and triplet yields get saturated at 0.50 and the whole triplet The relative entropy of coherence serves as a measure of coherence [24] . The peak in singlet yield, in presence of nuclear coupling, corresponds to a dip in coherence which illustrates that the peaks in singlet yield in Fig. 1 are consequence of nuclear decoherece. This fact is further affirmed by singlet yield curve without nuclear interaction.
yield happens through |t 0 triplet channel. On the other extreme, at θ = 90
• , the hyperfine part of the Hamiltonian induces the |s ↔ |t 0 transitions. At this instant, when some proportion of radical pair spin state happens to be in |t 0 , the Zeeman x-component mixes |t 0 state coherently with |t + and |t − which further evolve under hyperfine interaction. Thus at θ = 90
• , a spin mixing takes place in which both hyperfine and Zeeman collaboratively plays their role in mixing singlet spin state with all three triplet states. At lower hyperfine interaction strengths, this interplay of hyperfine and Zeeman interaction yields more singlet on recombination whereas at high hyperfine interactions, the singlet start mixing with all three triplet spin states and ultimatlely singlet yield reaches its equilibrium value of 0.25.
In above analysis there is conspicuous peak appearing in singlet yield, for a range of hyperfine coupling strengths, which originates from θ = 90
• , travels right upto θ = 0
• as hyperfine interaction strength is increased and at last dissolve there. We conclude that the peaks in singlet yield appears due to nuclear decoherence which blocks the spin conversion pathway from |s to |t + and |t − . This fact is validated by analyzing the singlet yield for the case in which the nuclear spin state is decoupled from radical pair spin dynamics. This is further substantiated by measuring coherence in radical pair spin system. We use the quantum information theoretic quan-tifier of coherence namely 'the relative entropy of coherence' to this end [24] . The coherence is characterized in computational basis of three spin system. If ρ is the density matrix of the system, relative entropy of the coherehce is given by [24] :
where S(ρ) is von Neumann entropy corresponding to ρ and ρ diag is obtained by taking only diagonal elements of ρ. The normalized singlet yield and normalized relative entropy of coherence is plotted in Fig. 2 . The relative entropy registers a valley corresponding to the peak in singlet yield which verifies our claim that these peaks are due to nuclear decoherence. Further, we note that relative entropy of the system increases as hyperfine interaction strength increases and saturates when the singlet yield attains its saturated value.
If we define the sensitivity as:
where Φ S is the singlet yield, then the aforementioned analysis of singlet yield for various hyperfine interaction strengths, reproduces the sensitivity behavior reported in [23] . The ripples in sensitivity plot around a/γB 0 = 1 are the consequence of peaks appearing in singlet yield curve and thus direct manifestation of decoherence due to nucleus. Other results in [23] can also be interpreted on the same lines. c. Environmental Decoherence We adopt the environmental noise model from [16] , where phase and amplitude perturbation due to environment are equiprobable. Mathematically, we take six noise operators as The figures show that if noise rate is equal to or higher than spin decay rate, the angle dependence of singlet yield is destroyed. The curves for lesser noise rate demonstrates that environmental decohrence independently affects the singlet yield and have distinct effect than nuclear decoherece. • also and similarly for θ = 90
• . Environmental noise in a way washes away the effect of anisotropic hyperfine interaction. [16] . Fig. 4 shows the singlet yield at different noise rates, calculated for six hyperfine coupling strengths. This indicates that environmental noise opens the spin transition pathways between singlet state and all triplet states and thus uniformize the yield corresponding to all spin states. Therefore, the singlet yield saturates to 0.25 as shown for the case in which the noise rate (Γ) is greater than k. In this analysis, we find out that nucleus and environmental decoherences play distinctive roles in the spin dynamics. Nucleus selectively perturbs the part of radical pair spin which is coupled to its down spin state whereas the environmental decoherence uniformly affects the coherent spin dynamics of radical pair as well as the microscopic decoherence due to nucleus. Nuclear decoherence does not affect the angle sensitivity of singlet or triplet yield to a great extent except for a ripple in sensitivity curve [23] when hyperfine interaction strength is almost same as Zeeman strength whereas environmental decoherence tends to make singlet yield indifferent to geomagnetic field inclination by promoting transitions from |s to |t + and |t − via |t 0 as validated by Fig. 5 . In this case, even at θ = 0
• , the transitions |s ↔ |t − and |s ↔ |t + are happening. This analysis helps us understand how environmental decoherence makes chemical compass dysfunctional by altering the spin transitions of the system. d. Conclusion In this investigational study, we discover the distinct roles of nuclear and environmental decoherences. Further, it furnishes us with the understand-ing of essential spin dynamics of radical pair system. We recognize the collaborative roles of Zeeman and hyperfine interactions in compass action and conclude that anisotropic nuclear interaction plays a vital role in inducing spin transitions which makes the RP spin dynamics magnetosensitive whereas decoherence due to nucleus does not affect the compass action significantly. The disruptive role of enviromental decoherence is also analyzed in terms of spin transitions. This approach is envisioned to be facilitative for selecting an appropriate solid state spin system for emulating the radical pair spin dynamics. The diamond nitrogen vacancy center spin system is a potential candidate for this purpose owing to its long coherence time and spin transitions similar to radical pair model [25, 26] . However, the modeling and implementation of dynamic range of compass and identifying the equivalents of different spin relaxation channels in solid state systems are still open problems.
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